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Helium atoms in high- and low-field-seeking Rydberg states with linear and quadratic Stark shifts
have been confined in two dimensions and guided over a distance of 150 mm using time-varying
inhomogeneous electric fields. This was achieved with an electrode structure composed of four
parallel cylindrical rods to which voltages were applied to form oscillating and rotating saddle-point
fields. These two modes of operation result in time-averaged pseudopotentials that confine samples
in high- and low-field-seeking states about the axis of the device. The experimental data have been
compared to the results of numerical particle trajectory calculations that include effects of blackbody
radiation and electric field ionization. The results highlight important contributions from single-
photon blackbody-induced transitions that cause large changes in the principal quantum number of
the Rydberg atoms.
The large static electric dipole polarizabilities, and
static electric dipole moments of Rydberg states of atoms
and molecules allow forces to be exerted on them using
inhomogeneous electric fields [1, 2]. This has led to the
development of the methods of Rydberg-Stark decelera-
tion for controlling the motion of matter and antimat-
ter [3, 4], and experimental tools including deflectors [5–
7], guides [8–10], velocity selectors [11], lenses [12], mir-
rors [13, 14], beam splitters [15], decelerators [6, 16, 17],
and traps [18–23].
Rydberg-Stark deceleration can be used to prepare
cold (Ekin/kB ∼ 100 mK), quantum-state-selected sam-
ples of a wide range of neutral atoms and molecules [24–
26]. It has permitted measurements of excited-state
decay processes and effects of blackbody radiation on
previously inaccessible time scales [21, 27]; contributed
to new methods for studying ion-molecule reactions at
low temperatures [28, 29]; and played a key role in re-
cent advances in positronium (Ps) physics [10, 11, 14].
Rydberg-Stark deceleration also offers further oppor-
tunities for studies of slow decay processes of molec-
ular Rydberg states, investigations of resonant-energy
and charge transfer in collisions of Rydberg atoms and
molecules with polar ground-state molecules [30, 31] and
surfaces [32], spectroscopic tests of fundamental physics
(see, e.g., Ref. [4]), and applications in hybrid quantum
information processing [33–35].
Inhomogeneous electric fields have been used to exert
forces on samples in high-field-seeking (HFS) Rydberg
states, with static electric dipole moments oriented an-
tiparallel to the local electric field and negative Stark
shifts, and in low-field-seeking (LFS) states, with dipole
moments oriented parallel to the field and positive Stark
shifts [5, 6, 17]. However, with one exception [9], all ex-
periments in which Rydberg atoms and molecules were
confined in two or three dimensions [8, 10, 18, 19, 21, 22]
were performed with LFS states [3]. This is because
static trapping potentials, with large phase-space accep-
tances, can be realized in free space about electric field
minima for LFS states, but not for HFS states [36]. How-
ever, for several applications it is desirable to confine
samples in HFS states. These include (1) studies of
stereodynamics in merged-beam collisions of atoms or
molecules in low-` Rydberg states (` is the orbital an-
gular momentum quantum number) with polar ground-
state molecules [30, 31], (2) experiments with Rydberg Ps
and antihydrogen, in which the selective preparation of
LFS states is challenging, and simultaneous confinement
of HFS and LFS states in guides or velocity selectors
is advantageous [4, 37], and (3) hybrid quantum infor-
mation processing with atoms in HFS circular Rydberg
states [33–35].
The only experiments we are aware of, in which con-
finement of atoms in HFS Rydberg states was achieved
(in two dimensions) were performed using states with
linear Stark shifts which resulted in stable orbits in the
static 1/r electric field surrounding a charged wire [9].
The phase-space distributions of beams guided in such
fields are not optimal for low-temperature merged-beam
collision studies, and such confinement can only be
achieved for HFS states with linear Stark shifts. An al-
ternative approach to the confinement of samples in HFS
states with both linear and quadratic Stark shifts, which
can also be used to confine samples in LFS states, is to
generate periodic, time-varying electric field distributions
which, when applied within an appropriate frequency
range, give rise to effective potential minima. Here, we
demonstrate, for the first time, confinement of Rydberg
atoms in two dimensions using such fields. The meth-
ods employed extend from work on guiding and trapping
polar ground state molecules [38–40] with adaptations
to minimize nonadiabatic transitions between Rydberg
states. Two time-varying electric field distributions have
been investigated: The first oscillates between two per-
pendicular saddle-point configurations; the second forms
a continuously rotating saddle point. The correspond-
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FIG. 1. (a) Schematic diagram of the experimental appa-
ratus. Region 1: ion filter; region 2: Rydberg state photoex-
citation; region 3: parallel cylindrical electrodes; region 4:
detection. (b) Time-dependent voltages for f = 30 kHz, and
(c) electric field distributions at t = 10 µs in the oscillating
(left) and rotating (right) modes for Vpp = 25 V. The con-
tour lines in (c) are indicated in intervals of 10 V cm−1 with
fields on the axis of the electrodes of 67 V cm−1 (left) and
41 V cm−1 (right).
ing pseudopotentials are analogous to those in oscillat-
ing [41, 42] and rotating [43] radio-frequency ion traps.
A schematic diagram of the experiment is presented
in Fig. 1(a). A pulsed supersonic beam of He in the
metastable 1s2s 3S1 level (vz ' 2000 m s−1) was gener-
ated in a discharge at the exit of a pulsed valve [44].
After filtering ions formed in the discharge [region 1.
in Fig. 1(a)], the atomic beam crossed copropagating
cw laser beams used to drive 1s2s 3S1 → 1s3p 3P2 →
1s37s 3S/1s37d 3D transitions [45] in the electric field be-
tween two parallel copper plates with 3-mm-diameter
apertures on the atomic-beam axis [region 2. in
Fig. 1(a)]. The lasers were tuned into resonance with
the atomic transitions at time t = 0 for 5 µs [Fig. 1(b)],
resulting in the preparation of ∼ 10-mm-long bunches of
Rydberg atoms. The atoms then traveled along the axis
of four parallel cylindrical metal rods (diameter 6.35 mm,
center-to-center spacing 7.45 mm, length 150 mm) [re-
gion 3. in Fig. 1(a)]. At t = 10 µs, time-varying voltages
were applied to these electrodes for 70 µs. Finally, the
Rydberg atoms were detected by ionization in a pulsed
electric field of ∼ 100 V cm−1 [region 4. in Fig. 1(a)].
The resulting He+ ions were collected on a microchannel
plate (MCP). The flight time of the atoms from photoex-
citation to detection was 100 µs.
The electric field distributions generated between the
four parallel electrodes at t = 10 µs [Fig. 1(b)], for volt-
ages with a peak-to-peak (pp) amplitude Vpp = 25 V,
are presented in Fig. 1(c). In both the oscillating and
rotating modes of operation, the field near the axis of
the electrodes exhibits a saddle point distribution in the
xy plane. In the oscillating mode, atoms in HFS states
are initially defocused into the higher field regions above
and below y = 0, whereas the lower field regions on ei-
ther side of x = 0 cause focusing in the x dimension.
Conversely, atoms in LFS states are focused (defocused)
in the y (x) dimension. The voltages in Fig. 1(b), ap-
plied to electrodes 3a and 3c (3b and 3d), follow sinu-
soidal (rectified sinusoidal) functions with frequency, f .
When t = (2f)−1 + 10 µs, the saddle point in Fig. 1(c)
is inverted and the focusing and defocusing dimensions
are exchanged. In the rotating mode, voltages with a
sinusoidal time dependence and relative phase shifts of
90◦ are employed [see Fig. 1(b)]. In this case the sad-
dle point continuously rotates and the focusing and defo-
cusfocuing forces are averaged over all angles of orienta-
tion of the fields. For any given dipole-moment–to–mass
ratio, appropriate combinations of Vpp and f result in
two-dimensional confinement of atoms in HFS and LFS
states. In the oscillating mode, nonadiabatic transitions
between states that are degenerate in zero field can occur.
In the rotating mode, the field strength is approximately
constant on the axis of the electrodes. Consequently,
nonadiabatic transitions can be avoided and samples in
states that are degenerate in zero field can be confined.
Along with the experiments, numerical calculations of
particle trajectories through the apparatus in Fig. 1 were
performed. In these calculations, ensembles of Rydberg
atoms were generated at the laser photoexcitation posi-
tion with Gaussian transverse spatial distributions (σx =
0.3 mm and σy = 0.1 mm) and a uniform distribution
(length 10 mm) in the z dimension. The mean velocity
of each ensemble was ~v = (0, 0, 2000) m s−1, with kinetic
energy spreads of σkin/kB = (0.6, 7, 650) mK. Effects of
blackbody-induced transitions were included in the calcu-
lations using Monte Carlo methods [21]. The n- and ∆n-
dependent blackbody-induced transition rates, Γ(n,∆n),
at 300 K were approximated by exponential functions
Γ(n,∆n) = (37/n)C1 exp(−C2|∆n|0.2) fit to rates calcu-
lated for the corresponding hydrogenlike Rydberg-Stark
states [27] (C1 = 2.00 × 105 s−1, C2 = 4.60 for ∆n < 0;
and C1 = 3.09 × 105 s−1, C2 = 4.95 for ∆n > 0). Since
n-changing transitions between Rydberg-Stark states are
strongest between sublevels with similar static electric
dipole moments, it was assumed that the dipole moments
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FIG. 2. Stark map of triplet Rydberg states in He with values
of n close to 37. Sublevels with m = 0 (|m| = 2) are indicated
by the continuous (dashed) curves. The adiabatic path of
the 37s state is indicated by the thick red curve. Inset: An
expanded view of the region encompassing states with n = 37
and ` ≥ 2 in fields below 0.2 V cm−1.
of the atoms did not change when these transitions oc-
curred. At each calculation time step the electric field
experienced by each atom was monitored. If this ex-
ceeded FHFSion (n) = Fclass(n) = 5.14 × 109/(9n4) V cm−1
[FLFSion (n) = 2Fclass(n)] for the outer HFS [LFS] Stark
states [46, 47], the atom was removed.
To study the confinement of atoms in Rydberg states
with a range of characteristics in the inhomogeneous
time-varying electric fields, HFS and LFS states with
linear and quadratic Stark shifts were prepared. The
HFS 37s (quantum defect δ37s = 0.296 685) and 37d
(δ37d = 0.002 887) states were employed [48]. As seen
in Fig. 2, these states exhibit quadratic Stark shifts in
weak fields and are nondegenerate with other higher-`
states in zero field. In fields above the Inglis-Teller (IT)
limit [46], FIT, the 37s state with m = 0 evolves adiabati-
cally through large avoided crossings. On the other hand,
the 37d state, prepared with predominantly |m| = 2 char-
acter, evolves diabatically. Experiments were also per-
formed with atoms in the outer hydrogenlike LFS Stark
state with n = 37 and k = n1−n2 = +34 (n1 and n2 are
parabolic quantum numbers [46]). This state has a linear
Stark shift, even in fields that approach zero, in which it
is highly degenerate with other parabolic states.
The measured and calculated fractions of atoms trans-
mitted through region 3. and detected in region 4. of
the apparatus, normalized to the signal recorded with
the fields switched off, after photoexcitation of the HFS
37d state are displayed in Fig. 3 for the oscillating and
rotating modes of operation with Vpp = 5, 15 and 25 V.
The calculations were performed for a field-independent
electric dipole moment of the 37d state of µ37d = 4 650 D.
The significance of radiative processes including black-
body transitions is evident from the results of the cal-
culations performed excluding (thin grey curves) and in-
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FIG. 3. Normalized fraction of atoms transmitted to the de-
tection region after photoexcitation of the HFS 37d state for
the (a) oscillating, and (b) rotating mode of operation. The
measured (points) and calculated (broken curves) data were
obtained for Vpp = 5, 15 and 25 V as indicated in (b). The
thin grey (thick black) curves correspond to calculations per-
formed excluding (including) radiative effects.
cluding (thick black curves) these effects.
In both modes of operation, when f < 5 kHz less than
one oscillation of the voltages occurs during the time
in which the fields affect the particle dynamics. Con-
sequently, defocusing of the HFS atoms away from the
axis of the electrodes in the y dimension [see Fig. 1(c)]
is not compensated as the fields evolved in time. There-
fore, the normalized fraction of atoms transmitted to the
detection region is low and reduces as Vpp is increased.
For f > 5 kHz, less defocusing occurs in the y dimen-
sion and the fraction of atoms detected is significantly
larger than for f < 5 kHz. The increase in the fraction of
atoms transmitted to the detection region for f > 10 kHz
and Vpp = 5 V results from the electric-field dependence
of the fluorescence lifetime of the 37d state [46]. This
changes from 23 µs in zero field to 90 µs in the typi-
cal stray fields in the apparatus of ∼ 0.25 V cm−1, and
300 µs in fields beyond 0.9 V cm−1, and was included in
the calculations (dashed curves). In general the results of
the calculations are in good qualitative agreement with
the experimental data.
In the oscillating mode, the greater forces on the atoms
when Vpp = 15 and 25 V give rise to large amplitude
transverse motions, and resonances in the detected sig-
nal when f = 5, 12 and 19 kHz. These resonances, seen
in the experiments and calculations, are particular to the
combination of the initial phase-space properties of the
Rydberg atoms and the geometry of the detection region
in the experiments, and occur when the time-averaged
transverse forces focus the atoms to the detection re-
gion. Focusing effects in the rotating mode are averaged
over a range of angles, and resonances are not observed.
In Fig. 3(b) the magnitude of the transmitted signal in-
creases as the value of f is increased, with good qualita-
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FIG. 4. Normalized fraction of atoms transmitted to the
detection region after photoexcitation of the HFS 37s and
37d states, and the LFS n = 37, k = +34 state for (a)
the oscillating, and (b) the rotating mode of operation with
Vpp = 25. The experimental (calculated) data are indicated
by the points (broken curves). For clarity of presentation the
upper sets of data in each panel are vertically offset.
tive agreement between the experimental and calculated
data. The threshold between 5 and 10 kHz is not as sharp
in the experimental data as it is in the results of the cal-
culations because effects of blackbody-induced changes
in the dipole moments of the atoms, which accompany n
changing, are not included in the calculations.
In Fig. 3(a) and (b) an overall reduction in the fraction
of detected atoms is observed for f > 10 kHz as Vpp is
increased from 5 V to 25 V. From the calculations, these
losses are attributed to effects of electric field ionization
of high-n states following blackbody-induced transitions.
Detection using a low ionization field (100 V cm−1) es-
tablished that at the time of ionization a measurable
fraction of the atoms resided in states with values of
n ≥ 49. These states are predominantly populated
following single-photon blackbody transitions for which
∆n >∼ 10. Such transitions also transfer population to
higher n states that ionize before reaching the detection
region. This observation, and the qualitative agreement
between the experiments and calculations for f > 10 kHz,
which was only achieved after accounting for these large
∆n blackbody transitions, highlights the importance of
the long tail in the distribution of blackbody transition
rates.
Studies performed with atoms in the HFS 37s state,
and LFS n = 37, k = +34 Stark state, for Vpp = 25 V
are presented in Fig. 4 and compared to the results ob-
tained for the 37d state under similar conditions. The
37s state has a static electric dipole polarizability of
α37s = 8.3×10−30 C m2/V and exhibits a quadratic Stark
shift in fields up to FIT ' 26 V cm−1 (see Fig. 2). In the
time-varying fields in the experiments it evolves adiabat-
ically beyond FIT. On average it remains HFS up to the
field of ∼ 200 V cm−1 in which it ionizes. In fields be-
tween FIT and 70 V cm
−1, and from 85 to 112 V cm−1,
µ37s = 0 D. In fields from 70 to 85 V cm
−1, and 112
to 200 V cm−1, µ37s = 1 500 D. These average electric
dipole moments were employed in the trajectory calcu-
lations for this state. The reduction in the fraction of
atoms detected when f < 5 kHz after preparation of the
37s state – in both the oscillating and rotating modes –
is not as significant as for the 37d state. This is because
the 37d state exhibits a constant static electric dipole
moment in all fields in the experiments. The resonance
behavior seen in the oscillating mode for the 37d state
persists in the studies performed with the 37s state, as
does the almost frequency independent transmission of
atoms to the detection region when f > 10 kHz
The LFS n = 37, k = +34 state has an electric dipole
moment of 4 800 D, which is almost equal in magnitude
to µ37d. However, in contrast to the 37d state it is degen-
erate in zero field. Consequently, it can undergo nonadi-
abatic transitions and change the sign of its dipole mo-
ment in fields that evolve through zero. The experimen-
tal data in Fig. 4, recorded after preparation of this LFS
state, follow the same general trends as those for the 37d
state. The normalized fraction of atoms detected when
f < 3 kHz is similar and, in the oscillating mode, a res-
onance is observed at f ' 6 kHz. This resonance is less
prominent in the calculations. However, because it is ob-
served in the experimental and calculated data for the
37d state, its appearance in the data recorded for the
n = 37, k = +34 state indicates nonadiabatic evolution
in fields close to zero. Since the on-axis field in the ro-
tating mode of operation is approximately constant over
time, nonadiabatic dynamics are not expected.
In conclusion, we have demonstrated two-dimensional
confinement of Rydberg atoms using time-varying inho-
mogeneous electric fields. Experiments were performed
with samples in HFS and LFS states with linear and
quadratic Stark shifts. Comparison of the experimen-
tal data with the results of particle trajectory calcula-
tions provided valuable insights into effects of blackbody
radiation in the experiments and demonstrated that on
long timescales, blackbody-induced transitions for which
∆n >∼ 10 play an important role. In addition to m mix-
ing [27], such transitions must be considered in the in-
terpretation of these and other Rydberg-Stark decelera-
tion and trapping experiments. The time-varying electric
field distributions and electrode structures employed here
are ideally suited to merged beam collision experiments
with He Rydberg atoms and ground-state NH3 [30, 31].
They are of interest in experiments with Rydberg Ps and
antihydrogen as they offer a way to simultaneously con-
fine HFS and LFS states. In a cryogenic environment,
where blackbody effects are reduced, an extended ver-
sion of the device described here is expected to exhibit
5narrower resonance features and may be used to filter
Rydberg atoms or molecules according to their dipole-
moment-to-mass ratio for collision studies or to enhance
state-selective detection.
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